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Abstract

Power efficiency in electrical stimulator circuits is crucial for developing large-scale multichannel
applications like bidirectional brain-computer interfaces and neuroprosthetic devices. Many state-of-
the-art papers have suggested that some non-rectangular pulse shapes are more energy-efficient for
exciting neural excitation than the conventional rectangular shape. However, additional losses in the
stimulator circuit, which arise from employing such pulses, were not considered. In this work, we
analyze the total energy efficiency of a stimulation system featuring non-rectangular stimuli, taking
into account the losses in the stimulator circuit. To this end, activation current thresholds for different
pulse shapes and durations in cortical neurons are modeled, and the energy required to generate the
pulses from a constant voltage supply is calculated. The proposed calculation reveals an energy
increase of 14%—51% for non-rectangular pulses compared to the conventional rectangular stimuli,
instead of the decrease claimed in previous literature. This result indicates that a rectangular
stimulation pulse is more power-efficient than the tested alternative shapes in large-scale multichannel

electrical stimulation systems.

1. Introduction

Electrical brain stimulation devices are successfully
applied to treat several neural disorders such as
Parkinson’s disease, hearing loss, and visual impair-
ment. Applications like bidirectional brain-computer
interfaces and cortical visual stimulation drive the
development of large-scale multichannel stimulator
systems. These fully implantable devices interface with
the brain by means of electrical pulses through
hundreds to thousands of stimulation channels [1]. If
battery operation is not an option, the power is
transferred to the system via a wireless link. Due to
safety regulations, the maximum deliverable power is
limited. Therefore, the power efficiency of the stimu-
lator needs to be optimized to increase the number of
channels that can be stimulated with the available
power.

Current Mode Stimulation (CMS) is often favored
over Voltage Mode Stimulation (VMS) due to its
inherent control over the injected charge, which is
essential for safe operation [2]. However, conventional
CMS is power inefficient, especially in multichannel

devices [3]. A generic circuit diagram for CMS is
depicted in figure 1(a). Rectangular current pulses are
generated from a fixed voltage supply and applied to
the tissue impedance, Z;. Switches SW; and SW, are
used to change the direction of the current through
Zs» such that a bipolar pulse is applied to the tissue.
The voltage supply needs to be sufficiently high to cope
with the voltage drop across the tissue and the over-
head voltage required for the current source. The
amplitude of V},,q depends on the amplitude of the
current pulse and Zy;,, which can be highly variable for
different channels in the same system. Any mismatch
between V,ppiy and Vigaq leads to a voltage drop across
the source Iy, indicated by the grey area in
figure 1(b), resulting in energy dissipation —and thus
inefficiency—in the current source. In a multichannel
system, the voltage supply needs to accommodate the
worst-case channel. Therefore, all other channels
operate at an unnecessarily high supply voltage, which
results in energy waste.

One method to reduce energy consumption in CMS
is pulse shaping. Several studies suggest that non-rectan-
gular stimulation pulses might be more energy-efficient

© 2022 The Author(s). Published by IOP Publishing Ltd
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Figure 1. (a) Generic circuit diagram for current mode stimulation in a bipolar electrode configuration. (b) Example of rectangular
pulses generated by Iy, consisting of two phases with equal amplitudes and durations, separated by an interphase delay. During the
interphase delay, SW; and SW, will switch to direct the current through the tissue in the opposite direction during the second phase.
(c) Resulting voltage at node V),,q for a typical tissue load, and the fixed supply voltage. The shaded grey area indicates the voltage drop

than the conventional rectangular stimulation pulses
[4-7]. Computational studies using detailed neuron
models evaluated the efficiency of alternative shapes. The
energy consumption of different pulse shapes for deep
brain stimulation was modeled in [4]. Centered-trian-
gular and Gaussian-shaped pulses reduced the energy
consumption by approximately 10% compared to the
energy-optimal rectangular pulse. In [5], a genetic algo-
rithm was developed to find a pulse shape optimized for
energy efficiency. The resulting pulse resembled a trun-
cated Gaussian curve. When comparing the optimized
pulses to rectangular pulses of equal duration in the
range of 50-200 s, a decrease in activation energy ran-
ging from 5% to 60% was observed. However, compared
to the energy-optimal rectangular pulse, the maximum
energy-saving was approximately 20%. The efficiency of
Gaussian-shaped pulses was investigated in vivo in [6]. A
decrease in activation energy of 17% was reported in the
pulse width range of 50-200 us. Research consistently
reports that non-rectangular pulses (preferably Gaussian
or centered-triangular) can be more energy-efficient, but
it is acknowledged that possible circuit implications
could alter this conclusion [5]. What is mostly over-
looked in the literature, is that non-rectangular pulses
alter the required compliance voltage required at stimu-
lation output stages due to an increase in the peak cur-
rent. This will cause an increase in the overhead energy
losses in the output stage of the device.

A possible solution to reduce the overhead losses
in CMS is dynamic voltage scaling (DVS) [8-15]. In
DVS, the supply voltage is dynamically scaled to mini-
mize the voltage drop across the current driver. Gen-
erally, state-of-the-art DVS techniques can be divided
into two methods. The first method scales the supply
voltage by modulating the incoming AC power signal
[8, 9]. The second method uses (on-chip) adaptive
DC/DC converters, for example, inductive buck/
boost converters [10, 11] or switched-capacitor charge
pumps [12—-15]. The signal modulation and inductive
DC/DC converter approaches benefit from a con-
tinuous output voltage range but suffer from limited

scalability. Inductor-based converters require bulky
off-chip inductor(s) for each channel, and modulation
of the incoming power signal only allows for the adap-
tation of a single channel. Alternatively, switched-
capacitor-based converters allow for a fully integrated
implementation that can be shared by many channels
but have limited output resolution. This method pro-
duces discrete voltage steps, and each step occupies a
relatively large area. Therefore, they are usually limited
to only a few voltage steps.

Foutz et al [16] suggested that non-rectangular
pulse shapes should be combined with scaling of the
(constant) voltage supply for optimal energy effi-
ciency. However, they analyzed both methods sepa-
rately and did not consider the effect of the non-
rectangular shapes on the required voltage com-
pliance. It is important to note that the two methods
described above reduce the energy consumption of
electrical stimulation in two different domains. Volt-
age scaling techniques reduce overhead energy con-
sumption in the electrical domain, whereas pulse
shaping techniques reduce the activation energy in the
biological domain. To the best of the authors” knowl-
edge, an efficiency analysis considering both methods
concurrently is yet to be performed.

This work presents a high-level analysis of the total
energy efficiency of pulse shaping techniques gener-
ated from scaled voltage supplies. We do so by analyz-
ing the activation thresholds of different pulse
configurations on computational models of cortical
neurons—both for biophysically realistic neuron
models [17] and for a straight axon model.

2. Methods

2.1. Stimulation waveforms

We analyzed the current thresholds for monophasic,
cathodic stimulation pulses of different shapes. The
used shapes are: rectangular, Gaussian, half-sine,
centered triangular, ramp-up, and ramp-down. The

2
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Table 1. Illustration of the used pulse shapes.

Name Shape
Rectangular

0 PW
Gaussian

0 PW
Half-Sine

0 PW
Triangular

0 PW
Ramp-Up

0 PW
Ramp-Down

0 PW

definitions of the pulse shapes are listed in appendix A
and illustrated in table 1. For the Gaussian-shaped
pulses, the pulse width (PW) was defined as 60. All
other shapes were non-zero for 0 < t < PW and zero
otherwise.

2.2.Neuron models

We used two types of neuron models in the NEURON
v8.0 simulation software [18]: a single-axon fiber
model and the biophysically realistic models presented
in [17]. We will focus on the results for the single-axon
fiber for most of this work to ease the interpretation of
the results. For both models, extracellular electrical
stimulation was modeled in a homogeneous, isotropic
environment. A point-source electrode delivered the
pulses. The spatial component of the electric field
along the membrane was calculated using (1), where o

F Varkevisser et al

is the extracellular conductivity and r is the distance to
the electrode.

Ve(r) = @

4drmor
The calculated extracellular potential was applied to
each section of the model using NEURON’s ‘extra-
cellular’ mechanism. In each time step, the potential
was scaled proportionally to the current amplitude of
the stimulus.

2.2.1. Axon fiber model
The single-axon fiber model is a multi-compartment
single-cable model that consists of 101 active nodal
sections, representing nodes of Ranvier, connected by
100 passive inter-nodal sections, representing myelin
sheath. The fiber dimensions and membrane
dynamics are based on the axonal branch of a human
L5 thick-tufted pyramidal cell [17]. The inter-nodal
sections only have passive membrane properties, while
the nodal sections have both passive and active proper-
ties. The active properties of the nodal sections include
five Hodgkin-Huxley-like ion channels: transient
sodium, persistent sodium, transient potassium, per-
sistent potassium, and A-type potassium (Kv3.1) [17].
The model properties are listed in table B1 appendix B.
The electrode was positioned directly above the
center node at a distance of 100 um. Simulations were
run with a time step of 0.1 us using implicit Euler inte-
gration. A stimulus was considered supra-threshold if
the outermost nodes’ membrane voltage (V,,) crossed
0 mV. Activation thresholds were determined to an
accuracy of 102 yA using a binary search algorithm
for PWs ranging from 10 ys to 1 ms in steps of 10 pus.

2.2.2. Biophyisically realistic models

In [17], 25 biophysically realistic neuron models repre-
senting neurons in different cortical layers are presented.
In this work, we used the five L5 cells as an extra
validation step to account for the effects of cell-electrode
distance and cell morphology on shape dependency.

The electrode was placed in a grid of equally
spaced locations around the cells, separated by steps of
200 pminx,y, and z directions. The boundaries of the
grid were determined by the extremities of the cell
geometry in all three directions. All locations with a
distance to any part of the cell smaller than 30 ym or
larger than 500 um were removed from the locations
set. This resulted in a set of 1800 locations divided over
the five models. The time step for these simulations
was 5 ps. A stimulus was considered supra-threshold if
the membrane voltage at the soma crossed 0 mV. Cur-
rent thresholds were determined for PWs ranging
from 10 ps to 1.5 ms in steps of 50 ps to an inaccuracy
of <1%. Locations where the optimal energy point for
any of the shapes was at maximum pulse duration
were omitted, as this might indicate that the minimum
energy point has not been reached yet. Consequently,
atotal of 1561 locations are included in the results.

W
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dot, green), and scaled constant (dashed, orange) voltage supply.

Figure 2. (a) current, (b) voltage, and (c) power traces for a half-sine pulse in case of an adiabatic (solid, blue), 3-rail dynamic (dash-

Power [W]

(b) (©)

2.3. Shape comparisons

After determining the thresholds for all pulse config-
urations, we compared the pulse shapes on different
metrics. First, the shapes are compared by the peak
current at threshold conditions for different PWs in a
Strength-Duration curve. Next, the charge threshold
of each shape is calculated using (2), and Charge-
Duration curves are used to compare the shapes.

PwW
Qu = fo I(t)dt ©)

Furthermore, the energy of each shape is calculated for
two scenarios. First, the energy is calculated using (3),
which corresponds to energy calculations of stimula-
tion pulses reported in previous literature [4, 5].

Pw
Eqdiabatic = j; P(t)dt
PW PW
=f V(t)I(t)dtocf Xt (3)
0 0

In (3), the quasi-static approximation [19] is used to
scale the voltage proportionally to the current. As the
voltage is proportional to the current, this would
require a fully adaptive (adiabatic) voltage supply for
the non-rectangular pulses in a practical system.

Second, we consider the case where the current is
generated from a constant voltage supply. In this calc-
ulation, we scaled the voltage proportional to the peak
current of the pulse. This scenario combines pulse
shaping and voltage scaling, as proposed in [16]. The
energy required to generate the pulse in this case is cal-
culated using:

Pw
E onstant = Veonstant L I(t)dt X Ipeak
PW
XL I(t)dt = Ipeak -Q (4)

To illustrate the difference between the calculations,
the current, voltage, and power traces in the case of an
adiabatic and scaled constant supply voltages are com-
pared in figure 2 for the example of a half-sine pulse.

For both energy calculations, we calculate the rela-
tive energy efficiency of the shapes using (5), where E,
is the threshold energy for shape x, and E, is the energy
needed for a rectangular pulse. Thus, a negative num-
ber indicates a decrease in energy with respect to the

rectangular pulse, while a positive number indicates
an increase in energy. The energy efficiency is assessed
based on the minimum required energy for each shape
rather than for each PW because the PW definition for
non-rectangular pulses can be chosen freely. Conse-
quently, a PW-bound comparison would depend on
the chosen definition [16].

- (min(Ex) )

1= | e )-100% 5)

In calculating the energy efficiency for the case of a
constant supply, it is assumed that the voltage is scaled
proportionally to I to maximize efficiency. How-
ever, in a practical system, the voltage is usually fixed
and can not be scaled to its optimal value at each chan-
nel. It shows from (4) that if Vi, is fixed, only a
decrease in Q can lower the energy threshold. There-
fore, we compare the shapes by their Strength-Charge
Iy, versus Q) relationship to evaluate energy effi-
ciencies for a fixed supply.

2.4. Dynamic voltage scaling

As demonstrated in [20], dynamic voltage scaling
could improve the energy efficiency for non-rectangu-
lar pulses. The total efficiency, including dynamic
voltage scaling, can be calculated using:

Ntotal,dvs — Mconst * Tdvs> (6)

where 7consc 15 the efficiency of generating the pulses
from a constant supply as presented in this work, and
7avs 18 the potential efficiency of applying the dynamic
voltage scaling technique as shown in [20]. 7qys is
calculated using (7), where Eqy is the required energy
in the case of dynamic voltage scaling. In that case, the
supply voltage consists of a number of distinct voltage
rails and is stepped towards the lowest possible voltage
to accommodate the stimulation current at each point
in time. In figure 2, dynamic voltage scaling is
illustrated for the example of a 3-rail supply.

Econstant
Ndvs = ( -

1]-100% 7
Edvs ) ( )

2.5. Capacitive effects of electrode-tissue interface
In the previous sections, Z; is assumed to be resistive
in all calculations. A more realistic model includes

4
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Figure 3. Current threshold for different pulse shapes and widths in the single-axon fiber model. The reported threshold is the peak

current of the pulses, and the pulse widths are defined in appendix A.
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—»— Triangular
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Ramp-Down

0.6 0.8 1.0

the electrode-tissue interface (ETI), which has a

capacitive nature. Including the ETI will result in
reactive components in the voltage during current-
controlled stimulation pulses. The amplitude of this
effect depends on the geometry and material of the
electrodes. Generally, electrodes for electrical stimu-

lation should be designed to minimize the voltage

drop over the ETI to prevent harmful electrochemi-
cal reactions [21]. For this reason, the error intro-
duced by the assumption of a resistive load should be
small. Nevertheless, for completeness of our analysis,

we consider the capacitive effects of the ETI in this

section.

To include ETI effects, the load of a stimulator cir-
cuitis commonly modeled as a combination of a tissue
resistance (R;) in series with a double layer capacitance
(Cqp)- During a current pulse, Cg will be charged, caus-
ing an increase in the load voltage. To account for the
capacitive charging, the load voltage can be calculated
using (8), where 7 = R,Cy).

1 t
Viead(t) = R, - I(t — I(t)dt
fosd () (Hcdlj; 0)

1 t
—RJAI il I
s( ) + Tj; (t)dt) (€)

The peak voltage of shape x will increase by a factor [,
as described by (9).

ﬂx _ max[ Vigad (t) |1/7'>0] )

maX[Vload (t) Il/T:O]

Consequently, the energy calculation for the constant-
supply-voltage scenario can be expanded to (10) to
account for Cy,.

Erc,x — ﬁx : Econstant,x = ﬁx : Ipeak : Q (10)

To compare the effect of Cy between rectangular and
non-rectangular shapes, we use (11).

1y = (% — 1) - 100% (11)

3. Results

3.1. Single-axon fiber model

The strength-duration behavior of all shapes was
monotonically decreasing (figure 3). For short PWs, all
strength-duration curves approach a vertical asymp-
tote, while for long PWs, they approach a horizontal
asymptote. For all PWs, rectangular pulses had the
lowest threshold and ramp-down pulses the highest.

Furthermore, all shapes had monotonically
increasing charge thresholds with increasing PW
(figure 4). For all PWs, rectangular pulses had the high-
est charge threshold, and Gaussian pulses the lowest.

In the case of an adiabatic voltage supply, the
energy-duration curves show potential energy savings
for non-rectangular pulses (figure 5(a)). For PWs
>150 s, the rectangular pulses were the least energy-
efficient. The energy-optimal shape is PW dependent,
but the lowest energy can be achieved using Gaussian
pulses with a PW of 240 us. The energy efficiencies for
the non-rectangular pulses in the case of an adiabatic
voltage supply are listed in table 2.

The energy-duration relationships change when
the pulses are generated from a scaled constant voltage
supply (figure 5(b)). Still, no single shape is the most
energy-efficient for all PWs; however, the overall least
energy can now be achieved with rectangular pulses
with a duration of 110 us. For PWs <440 us, rectan-
gular pulses have the lowest energy threshold. For
longer PWs, the Gaussian pulses require the least
amount of energy. The energy efficiencies of non-rec-
tangular pulses in the case of a constant voltage supply
are listed in table 3.

To compare the efficiency in the case of a fixed volt-
age supply, the current-charge relationship for the dif-
ferent pulse shapes is depicted in figure 6. As explained
in section 2.3, only a decrease in charge can lower the
energy when the supply voltage is fixed. Therefore, a
lower charge threshold for a given I, (proportional to
Viupply) means better energy performance of a circuit
generating that pulse from a constant voltage.
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Figure 5. Energy threshold for different pulse shapes and widths in the single-axon fiber model for (a) an adiabatic voltage supply and
(b) a constant voltage supply. The pulse widths of the non-rectangular pulses are defined in appendix A.
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Table 2. Relative energy efficiency of non-rectangular pulses with respect to rectangular pulses in the single-axon fiber

model for an adiabatic voltage supply.

Rectangular Gaussian Half-Sine Triangular Ramp-Up Ramp-Dow
min(E) [p]/kQ] 62.8 54.6 56.3 55.2 58.9 63.1
e [%] — —12.9 —10.2 —12.1 —6.1 +0.6

Table 3. Relative energy efficiency of non-rectangular pulses with respect to rectangular pulses in the single-axon fiber

model for a constant voltage supply.

Rectangular Gaussian Half-Sine Triangular Ramp-Up Ramp-Down
min(E) [p]/kQ] 62.8 77.3 71.7 82.8 88.4 94.7
e [%] — +23.2 +14.3 +31.9 +40.6 +50.9

Rectangular pulses have the lowest charge threshold for
all values of Iy,, while ramp-down pulses have the high-
est charge threshold for all values of Iy,.

3.2. Biophysically realistic models

The energy efficiencies for adiabatic and constant-
voltage supplies in the biophysically realistic models
are shown in figure 7. The results show similar trends

as the single-axon fiber model, supporting the validity
of that model. In the case of an adiabatic voltage
supply, non-rectangular pulses are more efficient,
except for the ramp-down pulses. However, when
considering the cost of generating the pulses from a
constant supply, an energy increase ranging from
15.9 £ 1.1% (mean + std %) for half-sine pulses to
51.7 £ 2.5% for triangular pulses is observed.

6
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Figure 7. Energy efficiency for non-rectangular pulses at multiple locations (n = 1561) surrounding the biophysically realistic L5
models, presented in [17]. (a) in the case of an adiabatic voltage supply, and (b) for a constant voltage supply.

3.3. Dynamic voltage scaling

Potential energy savings for non-rectangular pulses by
scaling the supply voltage to the instant requirements
of the channel were calculated in [20]. For a multi-level
DC/DC converter with six output steps, this results in
an energy reduction of —22%, —15%, and —26% for
Gaussian, half-sine, and triangular pulses, respectively.
The total efficiency, calculated using (6), for different
numbers of voltage steps is listed in table 4. The table
shows an increase in energy for most of the shapes.
Only in the case of a supply with more than four rails
for the Gaussian and half-sine pulses or more than five
rails for triangular pulses do they become slightly more
efficient than rectangular pulses.

3.4. Effect of capacitive ETI

Large-scale multichannel devices will typically inter-
face with arrays of microelectrodes. For microelec-
trodes, the order of magnitude for the model
parameters are R, ~ 100 k2 [22-24] and Cg ~ 10-100
nF [25, 26]. Thus, the expected range of 7is 1-10 ms.
Figure 8 depicts 73 for different values of 7 over the
relevant PW range. The effect of capacitive charging is
highly dependent on 7 and PW. The energy-duration

curves depicted in figure 9 account for different values
of 7, and the total energy efficiencies are listed in
table 5. In the expected range of 7, the rectangular
pulse is still the most energy-efficient shape. However,
its efficiency is affected, especially for longer pulse
widths. Next to that, lower values of 7 affect the
rectangular pulses even further, and at 7 = 0.1 ms, the
rectangular pulses are not optimal anymore. However,
in the development of electrodes for stimulation, the
capacitive transfer should be minimized [27] which
will result in high values of 7. Therefore, the capacitive
effect is expected to be reduced with further improve-
ment of microelectrodes.

3.5. Generalization of results

Using the mathematical descriptions of the pulse
shapes, one could generalize the obtained results of the
proposed energy calculation to other scenarios (e.g.,
other models or experimental results). By combining
equations (2) and (4), one can calculate the relative
threshold value for which the required energy of an
arbitrary shape becomes less than that of a rectangular
pulse. As an example, the ratio of current thresholds
that lead to equal required energy for the triangular

7
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Table 4. Overall relative energy efficiency in % of non-rectangular stimulation pulses with respect
to rectangular pulses for a system employing dynamic voltage scaling with various numbers of

supply rails.
Ttotal,dvs
# Supply rails Gaussian Half-sine Triangular Ramp-up Ramp-down
1 23.2 14.3 319 40.9 50.9
2 8.5 6.7 15.5 23.2 32.3
3 2.5 2.5 7.5 14.7 233
4 0.9 0.0 3.1 10.0 18.2
5 -3.0 —17 0.3 7.0 15.0
6 —4.4 29 -1.6 4.9 12.8
and rectangular pulses is given in (12a)—(12¢). The losses in the stimulator circuit can partially be
E I 2w A reduced using dynamic voltage scaling. We have
conste = Line = Qunr = T - (124) " shown the potential energy reduction in the case of
, Pw non-rectangular pulses for voltage supplies with up to
Econstt = It - Qene = Iipy - 2 (12B) ¢ supply rails. However, it should be noted that the
presented efficiencies can only be achieved for chan-
Eeonstr = Econstt = fine _ J2. (12C) nels requiring full-range voltage output. Channels

th,r

The threshold ratios are calculated similarly for the
other shapes used in this work and summarized in
table 6. The reported ratios are calculated for the shape
definitions of this work. To use this method to
compare the results of other works, one should
recalculate the threshold ratio for the appropriate
shape definitions. Furthermore, one could combine
the ratio with 74y and/or 73 to include the effects of
dynamic voltage scaling and capacitive charging,
respectively.

4. Discussion

This study aimed to provide an energy efficiency
analysis of different pulse shapes in electrical stimula-
tion that includes losses in the generator circuit.
Previously, it was suggested that the combination of
non-rectangular pulses and an adjustable compliance
voltage would result in the most energy-efficient way
of stimulation [16]. First, we presented shape-depen-
dent threshold characteristics for two types of neuron
models. In line with previous literature, non-rectan-
gular pulses decreased the charge threshold, while an
increase in the strength-duration (current threshold)
was observed. When the activation energy is calculated
using (3) (assuming an adiabatic voltage supply), non-
rectangular pulses show better energy efficiency. How-
ever, implementing an adiabatic voltage supply is
costly in both area and power. Therefore, large-scale
multichannel stimulator systems will typically have
limited flexibility in the voltage supply. To account for
the losses in the stimulator circuit due to this limited
flexibility, we proposed an alternative energy calcul-
ation in (4). The results show that the efficiency of
non-rectangular pulses is degraded in the proposed
energy calculation. This is mainly due to an increase in
the peak current, requiring a higher voltage supply.

with lower impedance or amplitude requirements can
not use all voltage steps, resulting in a decreased effi-
ciency compared to rectangular pulses. As a result,
most channels will operate at voltages below the full
range in large-scale multichannel systems. Conse-
quently, using rectangular pulses will result in the low-
est overall energy consumption of the complete
system. Nevertheless, multichannel stimulators can
still benefit from voltage scaling when using rectan-
gular pulses. Dynamic voltage scaling saves most
energy for channels requiring sub-full-range ampli-
tudes [20]. This is also true for rectangular pulses;
thus, the total power consumption of a multichannel
stimulator can be reduced by deploying independent
voltage supply rails.

The pulse shapes used in this work are not always
identical to the ones used in previous works, which
might have an effect on the obtained results. The
Gaussian-like pulses in [5] were truncated at the tails
for small pulse widths, while [6] used Gaussian pulses
with a fixed o for all pulse widths. Furthermore, this
work focused on monophasic pulses, while biphasic
pulses are commonly used in electrical stimulation
applications. The second phase—also called the recov-
ery phase—is introduced to recover the charges
applied during the first phase to prevent harmful elec-
trochemical reactions [21]. The biphasic pulses can be
symmetrical (the shape, amplitude, and duration of
the second phase are equal to the first phase) or asym-
metrical, but the total charge of both phases should be
equal for safety. Previous work has shown that the
introduction of the recovery causes an increase in the
stimulation threshold compared to monophasic pul-
ses [28]. However, many factors change the extent of
this effect. For example, introducing an interphase
delay and using asymmetrical pulses reduce the
threshold increase [21, 29]. We used monophasic pul-
ses to focus on the effects of pulse shaping of the first

8
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Figure 8. Effect of the of the electrode-tissue interface on the efficiency, 73, in constant-supply-voltage stimulation for 7 = (a) 10 ms,
(b) 1 ms, () 0.1 ms. The pulse widths of the non-rectangular pulses are defined in appendix A.

Table 5. Overall relative energy efficiency in % of non-rectangular stimulation pulses with
respect to rectangular pulses, taking into account charging of the double layer capacitance

Cdl~
Tltotal,3
7 [ms] Gaussian Half-sine Triangular Ramp-up Ramp-down
00 232 14.3 31.9 40.9 50.9
10 22.4 13.6 31.0 40.6 49.3
1 17.7 9.4 25.7 39.0 38.1
0.1 3.9 —2.26 8.7 33.8 —1.85

phase without additional factors of the second phase.
Since the second phase is not used to activate the cell,
its shape and duration can be designed to minimize
the energy consumption, regardless of the shape of the
first phase.

The presented analysis does not include any losses
introduced by additional circuitry required to gen-
erate non-rectangular pulses. The generation of rec-
tangular pulses is relatively easy using a constant
current source, while the generation of non-rectan-
gular pulses requires additional circuitry [30, 31]. The
power consumption of the additional circuits depends
on the specific implementation and can be optimized,
but it will degrade the efficiency of non-rectangular
pulses even further.

Finally, the results presented in this work
are based on the quasi-static approximation in a

homogeneous and isotropic environment. This
model exhibits various limitations due to the simplifi-
cations made. For example, it does not consider capa-
citive wave propagation through the tissue. Thus, it is
unlikely that the exact percentages presented here will
translate to an in-vivo environment. Further research
is required to incorporate these effects into the energy
calculations.

5. Conclusion

Non-rectangular pulses are often presented to be more
energy-efficient than rectangular pulses for electrical
stimulation. We have shown that it is crucial to
incorporate the cost of generating such pulses in
assessing energy efficiency. The presented results suggest
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Figure 9. Effect of the electrode-tissue interface on the required energy in constant-supply-voltage stimulation for different values of
7. The pulse widths of the non-rectangular pulses are defined in appendix A.
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Table 6. Current threshold ratio
for which the required energy is
equal to that of a rectangular pulse
in case of a constant voltage supply.

Shape Threshold ratio
Gaussian ~A6/2T
Half-Sine \/T/Z
Triangular V2

Ramp-Up V2
Ramp-Down J2

that losses due to limited flexibility in the voltage supply
negate potential energy reductions in the biological
domain in the case of non-rectangular pulses. Pre-
viously, it was suggested that combining non-rectangu-
lar pulses with scaling of the supply to the minimum
allowable voltage would result in the most energy-
efficient way of stimulation [16]. The current results
present an opposite finding that rectangular stimuli can
be more energy efficient than the tested non-rectangular
pulses in the case of a scalable, constant voltage supply.
This provides a different perspective on pulse shaping
and energy efficiency optimization of neural implants,
specifically for large-scale multichannel systems where
the flexibility of the voltage supply is limited.
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Appendix A. Pulse shape definitions

The equations for the different pulse shapes are listed

below. For all definitions, K, is the peak amplitude,

PW is the pulse width, and u(¢) is the unit step

function. In the simulations of the Gaussian-shaped

pulses, o was setto PW /6.

Rectangular: Iy (f) = K, - [u(t) — u(t — PW)]
(1.1a)

10



Biomed. Phys. Eng. Express 8 (2022) 065009

Ramp — up:  Lim(t) = Ky - W
t
Ramp—down: Iim(#) = Kiq - (1 - W) [u(t) — u(t — PW)]

. . 2wt
Sine:  Im(t) = K - sm(m

Gaussian:  Iim(t) = Kj - exp[

Kt'

2
Triangular: Iyim ()= 2K, — K, - ;_vtv for% <t <PW

0

Appendix B. Axon fiber model parameters

Table B1. Model parameters for the single-axon fiber model.

F Varkevisser et al

2t

L () — u(t — PW)] (1.1b)
(1.10)

) () — ult — PW)] (1.1d)
= f_g/z)z] (1.1¢)

foro <t < W

(1.1)

otherwise

Symbol Description Value

Pa Axial resistivity 1002 -cm

0o Extracellular conductivity 0.276 S-m ™"

dm Diameter myelin sections 1.25 pm

d, Diameter nodal sections 0.93 um

L, Length nodal sections 1 pm

L, Length myelin sections 59 pm

Cinn Membrane capacitance nodal 1 pF-cm™?
sections

Cium Membrane capacitance myelin 0.02 pF-cm 2
sections

R Membrane resistance nodal sections 33.3k2-cm?

Rom Membrane resistance myelin 1.125 MQ -cm?
sections

BNap Max. conductance persistent 6.83-10°S-cm™?
sodium

Bnat Max. conductance transient sodium 6.28S-cm >

Bp Max. conductance persistent 9.74-10'S-cm?
potassium

e Max. conductance transient 8.93-10%S-cm?
potassium

kv Max. conductance A-type 51810 'S-cm >
potassium

VNa Sodium reversal voltage 50 mV

Vk Potassium reversal voltage —85mV

Vi Leakage voltage —75mV

Viest Resting potential —80mV

T Temperature 37°C
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